Objective: In cultured cardiomyocytes, apoptosis is induced not by Fas stimulation, a popular inducer of apoptosis, but by an additional treatment with actinomycin D (AD), a transcription inhibitor, although the mechanism is unknown. Our hypothesis is that Fas stimulation not only activates pro-apoptotic signals but also may inhibit some of them, and this inhibition is blocked by AD. Methods: Cultured neonatal mouse cardiomyocytes were treated with agonistic anti-Fas antibody (FA), AD, or both (FA1AD). In this system, apoptotic signals related to Fas-induced apoptotic pathways were examined by RT-PCR and immunoblotting. In addition, antisense oligonucleotide (AS) studies were carried out. Results: The treatment with FA1AD induced up-regulation of Fas, activation of c-Jun N-terminal kinase (JNK), which is one of the key molecules of the alternate pathway of Fas-induced apoptosis, up-regulation of Bax, up-regulation and activation of caspase-3, activation of caspase-3-dependent DNase (CAD), and final DNA fragmentation and apoptotic morphologies in cardiomyocytes. FA alone or AD alone did not affect any part of the above pathway. However, mRNA of mitogen-activated protein kinase phosphatase-1 (MKP-1), an inactivator of JNK, was up-regulated by FA alone, but not by FA1AD or AD alone. Pretreatment with AS against MKP-1 induced apoptosis in FA alone-treated cardiomyocytes, whereas AS against JNK1 prevented apoptosis induced by FA1AD. On the other hand, FA1AD did not result in the activation of either caspase-8, one of the key molecules of the classic pathway in Fas-induced apoptosis, p38 MAPK, or extracellular signal-regulated kinase (ERK). Conclusions: Cardiomyocyte apoptosis by FA1AD depends on the alternate pathway through the JNK, Bax and caspase-3, and CAD-dependent pathways including a positive feedback mechanism of Fas up-regulation. The molecular mechanism that prevents Fas stimulation alone from inducing apoptosis involves up-regulation of MKP-1, an inhibitor of JNK; this up-regulation is inhibited by AD. 
specificity. In some cell types, Fas stimulation alone with agonistic Fas antibody or soluble Fas ligand is adequate for Fas (APO-1 / CD95) is a widely expressed cell death induction of apoptosis, while a combined use of an RNA receptor that has a critical role in the regulation of the transcription inhibitor such as actinomycin D (AD), protein immune system, tissue homeostasis and apoptosis in synthesis inhibitor such as cycloheximide, or other cytovarious cell types [13] . Fas action is complicated in its cell toxic agents is necessary for execution of apoptosis in several kinds of cells such as hepatocytes, mesangeal cells, and vascular smooth muscle cells in culture [4, 14, 24] .
Cardiomyocytes belong to the latter category [22] . Recent-(FA1AD) were added. The present apoptosis inducing ly, we also reported that in cultured neonatal and adult system was also intervened by vanadate (500 mM, Wako), cardiomyocytes, apoptosis was induced not by Fas stimulaa protein-tyrosine-phosphatase inhibitor. tion (FA) but by a combined treatment with actinomycin D (FA1AD) [12, 18] . However, the molecular mechanism 2 .2. Cell viability has not been examined until now, although the presence has long been postulated of unknown protein(s) inhibiting Viable cells were counted on 3-cm dishes using trypan the Fas-induced apoptotic signal transduction. A similar blue staining. Experiments were carried out in triplicate in phenomenon was observed in the case of tumor necrosis each group. factor (TNF)-a-induced apoptosis in several kinds of cells such as mesangeal cells where an additional treatment with 2 .3. RNA extraction and Northern blotting AD was necessary for execution of apoptosis [5, 11] . In this case, a recent study by Guo et al. [5] unraveled one of the The acid guanidium-phenol-chloroform method was responsible proteins, mitogen-activated protein kinase used to extract total RNA from cardiomyocytes that had phosphatase-1 (MKP-1), which is one of the dual-spebeen stimulated for 3 h, and 8 mg of RNA was electrophorcificity phosphatases that selectively inactivate tyrosineesed on 1.1% agarose gels containing formaldehyde. RNA phosphorylated mitogen-activated protein kinases was then transferred to nylon membranes. The membranes (MAPKs) through dephosphorylation [6, 21] . They prowere hybridized with a whole coding region of cDNA of posed that a TNF-a-induced MPK-1 suppressed a proFas, Bcl-2, Bax, caspase-3, ICAD, and MKP-1 labeled 32 longed activation of c-Jun N-terminal kinase (JNK), an with [a-P]dCTP (NEN). Hybridization was performed in apoptosis inducer through activation of transcription fac-50 mM Tris-HCl (pH 7.5), 0.1% SDS, 1 M NaCl, 10% tors such as AP-1 and other cellular targets [1, 7] , in dextran sulfate, and 200 mg / ml yeast tRNA for 18 h at mesangeal cells [5] . Thus, it is suggested that MAPK 65 8C. After washing at 60 8C with 23SSC containing family and the related proteins may be associated with 0.1% SDS, the membranes were autoradiographed and molecular mechanisms of apoptosis induced by FA1AD signals were quantified. Quantitative analyses of mRNA and non-apoptosis by FA alone in cardiomyocytes.
were normalized to the GAPDH mRNA content or In the present study, to define the molecular mechanisms ribosomal RNA content. of apoptosis by FA1AD and non-apoptosis by FA alone in cardiomyocytes, we examined JNK, p38 MAPK, extracel-2 .4. RT-PCR lular signal-regulated kinase (ERK), and MKP-1. In addition, we examined the other signaling pathways downTotal RNA (1 mg), taken from the cardiomyocytes, was stream of Fas, such as the Bcl-2 family, caspase-3 and -8, reverse-transcribed into cDNA and subsequently the syncaspase-3 activated DNase (CAD) and inhibitor of CAD thesized cDNA was amplified. CAD mRNA expression (ICAD), which have not been well elucidated in carwas quantified by standard calibrated reverse transcription diomyocyte apoptosis.
PCR. A 100-bp CAD cDNA fragment was amplified using the forward primer (59-TGAGCTCCTATTGCTCACCG-39) and reverse primer ( 
.1. Culture and treatments of cardiomyocytes
Cardiomyocytes were stimulated for 6 h, then washed twice with PBS and lysed in Laemmli's buffer. The Cardiomyocytes were isolated from neonatal (1-to 2-amount of protein in each lysate was determined using a day-old) Balb / c mice as previously reported [18] . Car-BCA protein assay kit (Pierce). The samples (5 mg) were 4 2 diomyocytes were plated at a density of 5310 cells / cm heated in a boiling water bath for 3 min and subjected to in tissue culture plates. Cardiomyocytes were incubated electrophoresis on a 10% polyacrylamide-SDS slab gel. overnight in D-Valine MEM (Gibco) containing 5% fetal Proteins were transferred onto a nylon membrane followbovine serum (Gibco). On the next day, vehicle (0.01 ing electrophoresis in 25 mM Tris-HCl, 192 mM glycine, mol / l phosphate buffered saline, PBS), 1 mg / ml anti-Fas and 0.1% SDS. The membrane was blocked with 5% antibody (FA; clone Jo2, Pharmingen), 0.05 mg / ml acnon-fat dry milk overnight at 4 8C, then incubated with the tinomycin D (AD; Wako Pure Chemical Industry), or both primary antibody against Fas, Bcl-2, Bax, caspase-3, caspase-8 (Santa Cruz), CAD, ICAD (Millennium Biomethod, DNA fragmentation was detected by in situ nick technology), phospho-c-Jun II (Ser63), phospho-p38 end-labeling (TUNEL) and DNA gel electrophoresis, and MAPK, phospho-ERK, c-Jun, p38 MAPK, or ERK (New the ultrastructure was examined under a transmission England Biolabs) in PBS containing 0.05% (v / v) Tween electron microscope as previously reported [18] . JNK1-AS 20 (TPBS) at room temperature for 60 min. The immunoor JNK1-S oligonucleotide (phosphorothioate-modified reactive protein bands were then visualized using and FITC-labeled) transfection was carried out to the biotinylated secondary antibody, a peroxidase-conjugated cardiomyocytes, at concentrations of 0.33, 1, and 3.3 mM, avidin-biotin complex (Vector), and a Konica Immunoby the same method of transfection of MKP-1-AS and stain kit (Konica). The signals were quantified by den-MKP-1-S oligonucleotides. Oligonucleotide sequences (24 sitometry. nt) were as follows: JNK1-AS, 59-ATCATGAG-CAGAAGCAAGCGAGAC-39; JNK1-S, 59-2 .6. Antisense oligonucleotide transfection GTCACGCTTGCTTCTGCTCATGAT-39 [7] . The cells were then treated with FA1AD. Cell viability, DNA Cardiomyocytes were transfected with 0.33, 1, and 3. All experiments were done in triplicate and values were well characterized and these concentrations were reported expressed as the mean6S.E.M. To test the differences to effectively suppress MKP-1 activity [1] . Then the between experimental groups, a Student's t-test or ANOVA medium was changed and the cells were treated with 1 was carried out followed by Newman-Keul's multiple mg / ml FA. Twenty-four hours later, the viability of the comparison test. A value of P,0.05 was chosen as the cardiomyocytes was checked by trypan blue dye exclusion limit of statistical significance. 
. Results
regulates a factor that inhibits JNK activity, such as phosphatases like MKP-1 (see Section 3.2). As previously shown, the cardiomyocytes presented
We also examined phosphorylation of ERK and p38 typical apoptotic ultrastructure and internucleosomal DNA MAPK by Western blotting, but failed to detect phosfragmentation as early as 3 h after the addition of a phorylated forms of these MAPKs by any treatments mixture of 1 mg / ml FA and 0.05 mg / ml AD [18] . In including FA1AD (data not shown). addition, the viability of the cells evaluated by the dyeexclusion method decreased 6 h later. Vehicle (PBS), FA, 3 .2. Fas stimulation up-regulates mRNA of MKP-1 or AD alone did not cause apoptosis in the cardiomyocytes during incubation up to 24 h.
We next examined MKP-1 expression in the present model. MKP-1 is one of the phosphatases that selectively inactivates MAPKs through dephosphorylation [6, 21] . As 3 .1. JNK is activated in Fas-induced cardiomyocyte shown in Fig. 2 , the treatment with FA alone enhanced apoptosis mRNA of MKP-1 in a time-dependent manner, whereas the addition of AD significantly suppressed its enhanceIn the cardiomyocytes exposed to FA alone, c-Jun was ment. not phosphorylated during 3 h. However, phosphorylation of c-Jun, indicating JNK activation, was detected 30 min 3 .3. Treatments with antisense oligonucleotide against and later after the treatment with additional AD (Fig. 1) .
MKP-1 and JNK modulate execution of Fas-induced When vanadate, a protein-tyrosine-phosphatase inhibitor, apoptosis of cardiomyocytes was substituted for AD, phosphorylation of c-Jun was similarly detected. Therefore, it is suggested that FA upFor more definitive evidence of the critical roles of MKP-1 and JNK in the execution of Fas-stimulated cardiomyocytes was significantly improved in an AS doseapoptosis of cardiomyocytes, we interrupted their function dependent manner, compared with that of JNK1-S-transby transfection with antisense oligonucleotide against fected and untransfected cells (Fig. 3A) . A DNA ladder MKP-1 (MKP-1-AS) or with that against JNK1 (JNK1-pattern disappeared and apoptotic figures were not noted in AS). Sense oligonucleotides (MKP-1-S and JNK-1-S) cardiomyocytes transfected with a higher dose of JNK1-were used as controls. Successful transfection of oligo-AS (Fig. 3B,D) . nucleotides into the cardiomyocytes was confirmed under a fluorescent microscope. MKP-1-AS-transfected cells lost 3 .4. Fas, Bax (but not Bcl-2), and caspase-3 are upsignificant viability during 24 h by the treatment with FA regulated in Fas-induced cardiomyocyte apoptosis alone, while untransfected control cells were almost intact and significantly fewer MKP-1-S-transfected cells were
As revealed by Northern blot analyses, the treatment of dead (Fig. 3A) . A DNA ladder pattern was noted and cardiomyocytes with FA1AD significantly enhanced the typical apoptotic figures were ultrastructurally observed in expression of the mRNA of Fas, Bax, and caspase-3 at the MKP-1-AS transfected cardiomyocytes after treatment 3.8-, 1.5-, and 2.9-fold increase, respectively (Figs. 5 and with FA alone (Figs. 3B and 4A-C) . That is, MKP-1-AS 6). Western blotting for Fas, Bax, and caspase-3 revealed dose-dependently induced apoptotic death of carthat the induction of their mRNAs was accompanied by a diomyocytes in FA alone. When subsequently treated with 2.6-, 2.2-, and 2.3-fold increase in the amount of proteins, FA1AD for 24 h, the viability of JNK1-AS-transfected respectively (Figs. 5 and 6). In contrast, Bcl-2 expression was not altered either at the mRNA or protein level by the finding indicates that JNK activation is responsible for treatment with FA1AD (Fig. 6) . Treatments with vehicle, Fas-induced up-regulation of these genes. FA, or AD alone did not affect the expression of these factors.
3 .5. CAD and ICAD are constitutively expressed in In the MKP-1-AS transfected cardiomyocytes, the Fascardiomyocytes induced overexpression of Fas receptor, Bax and caspase-3 was detected when treated with FA alone, while their Constitutive CAD mRNA and CAD protein expression overexpression was not noted in the JNK1-AS transfected in cardiomyocytes treated with vehicle were detected in cells even by the treatment with FA1AD (Fig. 7) . This RT-PCR and Western blotting (Fig. 8) . Northern and Western blots also showed ICAD expression at mRNA and including FA and AD, resulted in production of any protein levels in normal cardiomyocytes. The expression detectable activated form of caspase-8. levels of CAD and ICAD were not affected by any of these ICAD is cleaved to release CAD into the nucleus to treatments (Fig. 8) .
degrade DNA into internucleosomal fragments [2] . The cleaved fragment of ICAD was detectable only by treat-3 .6. Caspase-3 (but not and ICAD are ment with FA1AD (Fig. 8B) . cleaved to the active and inactive forms, respectively, in Fas-induced cardiomyocyte apoptosis 4 . Discussion Caspase-3 is synthesized as an inactive 32-kDa protease, which is cleaved to yield two subunits of 17 and 12 kDa 4 .1. Classic and alternate pathways and molecular that tetramerize to form an active enzyme [15] . Western mechanisms of non-apoptosis in Fas stimulation in blot analysis demonstrated that processing of the protease cardiomyocytes (Fig. 9 ) was obviously detected by the appearance of the 17-kDa subunit of active caspase-3 only when treated with FA1
Two distinct signal transduction pathways, the classic AD (Fig. 5B) . Although caspase-8 was detected in cultured and alternate pathways, have been identified downstream cardiomyocytes, none of the treatments used in this study, of Fas in several cell lines such as HeLa, 293 and L929 cells [8, 23] , although they have not been examined in The alternate pathway involves the Fas-binding protein cardiomyocytes. In the classic pathway, the Fas-associated Daxx [23] . On Fas activation, Daxx interacts with and death domain (FADD) is recruited via the death domain of activates a MAPK kinase kinase termed apoptosis signalFas receptor and catalyzes caspase-8 to become active regulating kinase-1 (ASK-1), leading to the activation of [13] . The activated caspase-8 finally activates caspase-3 JNK and p38 MAPK pathways [8, 23] . JNK and p38 directly or through a mitochondrial cytochrome c-depen-MAPK cascades are also activated by many kinds of stress, dent pathway. In the present study, caspase-8 was not and they culminate in the phosphorylation and activation activated in FA1AD-induced apoptosis group and FA of transcription factors such as AP-1 and other cellular alone group. Therefore, the present apoptosis model is targets, and thereby are implicated to induce apoptosis independent of the classic pathway. Moreover, Koseki et [21] . Fig. 9 schematically shows hypothesized signaling al. [10] recently reported that the expression of the pathways in Fas stimulation in cardiomyocytes. Since in apoptosis repressor with the caspase recruitment domain this study only expression of molecules has been analyzed (ARC), an inhibitor of apoptosis, is expressed primarily and not their functional involvement, the pathways downand exclusively in skeletal muscle and cardiac tissue. ARC stream of Fas stimulation shown in this figure are deduced competitively inhibits binding between FADD and from the present findings and previous studies. The present caspase-8. This suggests that non-activation of caspase-8 study revealed that FA1AD induced activation of JNK, in the present study may be related to ARC which is up-regulation of Bax, and activation of caspase-3 and probably independent of AD.
finally DNA fragmentation and apoptotic morphologies.
AP-1, a transcription factor, in several cell lines including cardiomyocytes [20] , which is associated with activation of JNK. AP-1 is a potential enhancer of fas and bax genes [9, 16] . This suggests that up-regulation of Fas and Bax in the FA1AD-treated cardiomyocytes may depend on AP-1 activation via JNK activation. That is, Fas up-regulation may be a positive feedback mechanism for progression of apoptosis.
The present study showed a precise correlation between JNK activation and caspase-3 up-regulation. Bax activates caspase-3 through releasing cytochrome c from mitochondria, but does not up-regulate caspase-3 [17] . Therefore, one of the transcription factors such as AP-1 may be associated with up-regulation of caspase-3, although no evidence was shown in the present study. nuclease known as CAD [2] . Inactive CAD in non-apoeach.
.3. Molecular mechanism of DNA fragmentation in cardiomyocytes treated with agonistic anti-Fas antibody
ptotic cells is a heterodimeric complex with its natural inhibitor known as ICAD. It was suggested that caspase-3-However, these were not induced by FA alone or AD mediated ICAD cleavage occurs in the cytosol and CAD is alone. On the other hand, MKP-1, which blocks apoptosis translocated to the nucleus after it is released from the through inhibition of JNK activation in TNF-a stimulated CAD/ ICAD complex, where it exerts its DNase activity. mesangeal cells, was up-regulated at the mRNA level by
In the present study, we showed for the first time constitu-FA alone in cardiomyocytes, and the up-regulation was tive expression of CAD and ICAD in cardiomyocytes. We significantly suppressed by the additional treatment with also found that ICAD was cleaved and its fragments AD. AD alone did not induce the up-regulation. Pretreatappeared in the apoptotic cardiomyocytes where caspase-3 ment with the AS against MKP-1 resulted in the activation was activated. Treatment with FA alone or AD alone did of JNK and induced apoptosis in FA alone-treated carnot result in cleavage of caspase-3 and of ICAD in diomyocytes, whereas the AS against JNK1 prevented cardiomyocytes. These findings suggest that DNA fragapoptosis in FA1AD-treated cells. These indicate that: (1) mentation in the FA1AD-treated cardiomyocytes occurs the main pathway of FA1AD-induced apoptosis of carvia caspase-3-and CAD-dependent pathways. diomyocytes is the alternate pathway through JNK, Bax, and caspase-3; and (2) the lack of apoptosis of car-4 .4. Clinical implication diomyocytes by FA alone-treatment is due to inactivation of JNK via up-regulation of MKP-1. However, the mechaFas is constitutively expressed in cardiomyocytes nism of MKP-1 up-regulation by Fas stimulation is not [19, 20] . Moreover, Fas and its mRNA are overexpressed in precisely known, although the present study suggests an pathologic conditions of the heart: hypoxic cultured carassociation with some factors that are blocked by AD. year) under special conditions in diseased hearts. Since the cardiomyocytes is JNK activation, Bax up-regulation, apoptotic process occurs in a very short interval, it is very caspase-3 up-regulation, activation of CAD, and then DNA difficult to detect the cardiomyocytes undergoing apoptosis fragmentation and apoptotic morphologies including Fas intermittently. The present findings that Fas stimulation up-regulation as a positive feedback mechanism. The alone does not cause apoptosis in cardiomyocytes because molecular mechanism of non-apoptosis in Fas stimulation of inactivation of JNK via MKP-1 up-regulation confirm alone is inactivation of JNK via up-regulation of MKP-1. the concept of the former possibility. Simultaneously, the present finding that under the special conditions where MKP-1 up-regulation is prevented or MKP-1 is inacti-A cknowledgements vated, cardiomyocyte apoptosis is rapidly induced by Fas stimulation also suggests the latter possibility in the This study was supported, in part, by Grants-in-Aid for diseased hearts. kinase phosphatase: a negative regulator of the mitogen-activated
